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ABSTRACT
THE DISTRIBUTION OF DISSOLVED BARIUM ALONG THE U.S. GEOTRACES
NORTH ATLANTIC TRANSECT: IMPACT OF BIOGEOCHEMICAL PROCESSES,
CIRCULATION AND PHASE ASSOCIATION
by Karen Renee Grissom
August 2015
During the last four decades, since the completion of the GEOSECS program,
there has been a growing interest in the biogeochemical cycle of barium (Ba) due to its
potential as a proxy for interpreting the geologic record. The typical barium distribution
exhibits removal in the upper water column and regeneration at depth, consistent with its
classification as a bio-intermediate element and similar to the nutrient-like profiles of
silicic acid and alkalinity. To better constrain the uses of Ba, trace element clean samples
were collected during the North Atlantic US GEOTRACES cruises.
The cycling of barium in the North Atlantic region was found to be a complex
interaction of biological activity and chemical equilibrium combined with an overprinting
of ocean circulation. The key findings indicated a feedback of processes in the eastern
Atlantic that moved dissolved barium from the surface layer to an environment where
further enrichment of barium could enhance barite precipitation. The results
demonstrated primary productivity can compensate for iron limitations during adsorption
of dissolved barium to ferric oxyhydroxide through an increase in pH. There was
evidence of a hydrothermal Ba input from the Mid-Atlantic Ridge and a near surface
maximum along the continental slope of North America from a submarine groundwater
discharge. Lastly, the error in the biogenic barium calculation from assuming a two
ii

phase model for particulate barium were assessed and showed the error from using an
estimated Ba/Al ratio was prevalent, but minor, yet the error from excluding other phases
was an order of magnitude larger.
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CHAPTER I
INTRODUCTION
Barium
Barium is found in small but widely distributed amounts in the earth’s crust. In
the ocean, barium is a moderately abundant trace element with a concentration in the
range of 35-140 nM and a residence time of approximately 10,000 years (Chan et al.,
1976; Rubin et al., 2003). Because of its association with biogenic hard-parts and detrital
organic matter (Dehairs et al., 1980), barium is often used to establish a link to ocean
productivity. The fluxes of particulate barium and its accumulation rate in sediments are
used as proxies for paleo-productivity with characteristic time scales ranging from daily
to 104 years and for studying past ocean conditions, such as upwelling and the flux of
organic carbon (Dymond and Collier, 1996; McManus et al., 1999; Thomas et al., 2011).
The ratio of Ba: Ca in foraminifera has been used as a proxy for paleo-alkalinity and to
reconstruct past changes in ocean circulation through glacial-interglacial periods (Lea and
Boyle, 1989; Lea, 1993; Jeandel et al., 1996; Rubin et al., 2003), while others (Falkner et
al., 1994) have used Ba as a water mass tracer of fluvial input. In addition, due to its
similarities to the radioactive element radium, barium is considered by some to be
suitable as a stable proxy for Ra (Chan et al., 1976; Sajih et al., 2014).
Barium has been used as a proxy for paleo-productivity since Goldberg and
Arrhenius (1958) first linked its enrichment in the sediments of the equatorial Pacific to
high productivity. However, the interpretation of the different Ba-based proxies
(particulate barium, biogenic barium, barium accumulation rate, and total barium) for
paleo-reconstructions remains questionable and depends on the predictable behavior of
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barium inputs and sinks over time. For example, while some have had success using the
Ba:C ratio to calculate export production (Dymond et al., 1992; Paytan and Kastner,
1996), others (McManus et al., 1999) have found the Ba:C ratio an unreliable tool for
paleo-productivity. Today, a common method used to estimate paleo-productivity is the
biogenic barite (BaSO4) accumulation rate (Dymond et al., 1992; Paytan and Kastner,
1996; Jeandel et al., 2000; Gonneea and Paytan, 2006), yet its global application is
debatable given the conflicting results of barium preservation within sediments and the
uncertainty in isolating the specific solid-phase of barite (Dehairs et al., 1980; Kastner,
1996; McManus et al., 1999; Rubin et al., 2003).
Despite the present uses for barium, an ongoing uncertainty continues regarding
the processes controlling its distribution and the role of biology in barite formation. Some
researchers (Sternberg et al., 2005; Jacquet et al., 2007) have cited the strong correlation
between barium and silicate as general support for a biological link to the barium
distribution. Others (Dehairs et al., 1980) have found support for the biological
influence by examining the correlation between organic carbon flux and particulate
barium flux from the surface water. Currently there is evidence for three mechanisms for
biologically-mediated particulate barite formation: 1) in microenvironments rich in
sulfate from respiration of organic matter (Dehairs et al., 1980); 2) the dissolution of
acantharian celestite creates a microenvironment conducive to thermodynamic
precipitation (Bernstein and Byrne, 2004); and, 3) the formation of barite from a large
labile pool of Ba in phytoplankton (Ganeshram et al., 2003).
The distribution of dissolved barium is dominated by removal in the upper water
column and regeneration at depth (Li and Chan, 1979; Dehairs et al., 1980; Jeandel et al.,
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1996; Rubin et al., 2003). This gives barium a profile similar to alkalinity and dissolved
silica and reflects its classification as a bio-intermediate element with a moderate
recycling efficiency (Paytan and Kastner, 1996). One mechanism believed to influence
this distribution is the flux of particulate barite to the deep (Dehairs et al., 1980; Jacquet
et al., 2007). In the open ocean, even though most of the upper water column is
undersaturated with respect to barite, barium is still likely to precipitate out of solution as
barite (Griffith and Paytan, 2012). For example, in contrast to solubility calculations,
Monnin et al. (1999) found barite crystals at all depths within the Atlantic and suggested
they are correlated with biologically-mediated processes. Rushdi et al. (2000) found the
maximum degree of water column saturation (%Ω) increases from the Atlantic to the
Pacific, in agreement with the regeneration pattern of a bio-active element for an ageing
water mass. Overall, the net effect is a dissolved barium concentration 100 to 1000 times
larger than the particulate concentration (Paytan and Kastner, 1996).
Whatever the mechanism influencing barite formation and the distribution of
dissolved barium, the variability of the upper waters is important when examining the
link to productivity. For example, while examining the spatial distribution of dissolved
barium in the eastern tropical Pacific, Paytan and Kastner (1996) identified a pattern of
decreasing maximum Ba concentration in sediment pore-waters moving away from the
productive equatorial upwelling regions. Yet in contrast, Jacquet et al. (2005) concluded
that barium is not inherently coupled with silica in the Southern Ocean, but instead the
similarities are the result of the spatial coherence of the hydrodynamics. However, two
years later while examining a different transect from the Southern Ocean, Jacquet et al.
(2007) reported a strong correlation between barium and silicate in the intermediate and
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deep waters. In the surface waters where nutrient uptake occurs and the link to
productivity is formed, they noted barium is decoupled from silicate and has a constant
and relatively high concentration, whereas the silicate is near depletion. In a similar
manner, this surface decoupling agrees with laboratory observations (Sternberg et al.,
2005) that demonstrate diatoms do not take up barium in significant amounts.
In contrast to silicate, the covariance of dissolved barium with alkalinity is more
complex and has been shown to exhibit a conservative behavior and be strongly
influenced by water mass mixing (Thomas et al., 2011). In the upper 600 meters the
inverse relationship between barium and alkalinity is believed by some to indicate an
uncoupling of these parameters (Jacquet et al., 2007). While researchers (Lea and Boyle,
1989; Lea, 1993; McManus et al., 1999; Rubin et al., 2003) have used the foraminifera
Ba:Ca ratio as a method of studying paleo-alkalinity changes, one problem with this
method is the bulk of alkalinity is dependent on CaCO3 dissolution, but Ba is dependent
on barite dissolution. This inherent disconnect can lead to a decoupling of the Ba:Ca
ratio, and therefore can result in inaccurate estimates of alkalinity from these parameters.
Due to its link to productivity and its potential as a paleo-proxy, there has been a
growing interest in the biogeochemical cycle of barium. This interest has seen an
increasing amount of research published on barium; however, we still need to elucidate
the processes controlling its distribution and identify the relative importance of biology.
For instance, how is the formation of particulate barium related to upper water column
processes? What is the relative importance of biotic versus abiotic processes to the
particulate flux and how significant is the influence of mixing, hydrothermal inputs, and
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benthic fluxes to the distribution? Are there discernible cross basin trends in the
distribution, and if so, to what processes are they related?
The importance of these and other questions is highlighted by examining the
differing conclusions from similar studies. Paytan and Kastner (1996) looked at the
barium cycle in the equatorial Pacific and assumed it was at steady state and from a mass
balance calculation estimated a sediment preservation of about 30%. In contrast,
McManus et al. (1999) looked at the barite rain rate in the equatorial Pacific, and along
the California continental margin, and concluded that both systems were not at steady
state, they found the accumulation rate plus benthic regeneration was twice the rain rate
and zero sediment preservation along the equator; yet for the California margin, an
extremely high (up to 80%) preservation was observed.
The differing conclusions for sediment preservation reflect the complexity of the
barium cycle and serve to illustrate the gaps in our knowledge about the processes
controlling its distribution. While we know changes in biological productivity are
preserved in the deep-sea sediments of biogenic barite, we have yet to quantify how the
parameters controlling the dissolved barium distribution and preservation are related to
the paleo-record.
Hypotheses and Objectives
Central to the concept that barium is valuable as a proxy for paleo-productivity is
the assumption that non-terrigenous particulate barium is biogenic barite formed during
upper ocean biological processes and later exported to the marine sediments for
preservation. However, in addition to biological controls, abiotic processes have been
shown (Dehairs et al., 1980, Sternberg et al., 2005; Gonneea and Paytan, 2006) to have a
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significant influence on the distribution of dissolved barium. Dehairs et al. (1980)
suggested the particulate phase includes a large non-barite component that accounts for
almost 25% of the particulate barium in the intermediate and deep water and as high as
50% in the surface water. The non-barite particulate phase includes calcite-bound barium
(e.g., foraminifera shells), diagenetic barite, barium associated with aluminosilicates, and
barium associated with metal oxides through co-precipitation or adsorption, such as
FeOOH or MnOOH.
While the flux of particulate barium does include other solid phases in addition to
the biogenic barite (McManus et al., 1998; Gonneea and Paytan, 2006; Plewa et al.,
2006), the question of the impact on our interpretation of the paleo-record remains
unclear. The accumulation of the other particulate phases has been shown to contribute
20-40% of the total barium preserved in marine sediments (Dehairs et al., 1980; Gonneea
and Paytan, 2006), with the fraction of ferromanganese oxyhydroxides as high as 48% in
the tropical North Atlantic. In addition, previous studies of barium within sedimentary
cores from the equatorial Pacific and off the northwest coast of Africa (Schroeder et al.,
1997; Plewa et al., 2006) have demonstrated that during some intervals the relative
importance of metal oxides and terrigenous phases are the dominant processes controlling
barium accumulation. For example, past research (Plewa et al., 2006) points to evidence
for increased barium incorporation into Mn-oxyhydroxide along the northwest coast of
Africa during a Heinrich event approximately 18 ky before present. One possible
explanation is related to scavenging. The organic coating of terrigenous material in
seawater is highly absorptive of trace metals, and hence, provides a method for removal
of dissolved barium and the necessary microenvironment for barite precipitation. In

7

addition, some metal oxides, such as Fe-oxyhydroxides, are known to be effective
scavengers of trace metals (Sternberg et al., 2005; Sverjensky, 2006; Sajih et al. 2014).
The source of oxides is believed (Hendy, 2010) to be from allochthonous aeolian input
and authigenic oxides within the sediments.
Additional support for a non-barite flux was provided by a Sternberg et al. (2005)
laboratory study of barium uptake in diatoms where they concluded the carrier phase is
an iron (III) oxide. Their results suggest that in high pH surface waters caused by a
phytoplankton bloom, Fe-oxyhydroxide precipitation is favored and dissolved Ba is
adsorbed onto it and particulate clays. This solid phase barium then sinks in association
with decaying biomass to deeper, lower pH water near the oxygen minimum zone and
becomes desorbed leading to an increase in the dissolved barium concentration at depth
and supersaturation and precipitation of barite. This association of barium with metal
oxides led Sternberg et al. (2005) to coin the term “Ba Pumping”. This process is further
supported by studies of natural organic matter, such as in decaying phytoplankton that
demonstrate its link to the reduction and adsorption capabilities of ferric iron
oxyhydroxides (Choi et al., 2000). During a study along the California shelf, McManus
et al. (1998) noted that at some locations the maximum barium porewater concentration is
not associated with a diagenetic front, but instead coincides with the maximum Fe or Mn
concentration, possibly due to a similar interaction with metal oxide cycling in sediments.
However, while their data suggest this is not the sole process controlling barium cycling
in the sediments, other researchers have also proposed a link between Ba cycling and
metal oxides. In one of their sediment traps, Dymond et al. (1992) estimated 30% of the
sample is particulate Ba associated with oxyhydroxides.
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In low salinity environments dissolved barium removal has been attributed to
processes involving the flocculation of colloidal material, yet, the extent of barium
removed is linked to the amount of fluvial organic matter and the concentration of
dissolved iron (Choi et al., 2000). Further evidence for the connection between barium
removed and the co-precipitation with iron hydroxides was provided by Coffey et al.
(1997) during an experiment where an acidified estuarine water sample was spiked with a
high concentration of dissolved iron, and a visible precipitate formed with 40% of the
dissolved barium removed.
In the nearshore environment, several problems exist for the use of barium in
paleo-productivity reconstructions. The first is a poorly constrained link between
particulate barium and organic carbon in a location where transport of organic matter and
resuspension of barite from continental shelves can obscure accumulation rates and
estimates of export production (Dymond et al., 1992). Second, the high productivity of
some coastal margins can create an environment that is more favorable to sulfate
reduction and diagenetic precipitation of barite than preservation (Esser and Volpe, 2002;
Plewa et al., 2006). Third, the proximity to an aeolian or fluvial source of terrigenous
aluminosilicates and metal oxides can increase the likelihood that other phases of
particulate barium will dominate. The latter was demonstrated by Plewa et al. (2006)
during a study on the continental shelf of Northwest Africa where they found the total
sedimentary Ba is dominated by a large amount of the aluminosilicate phase.
The goal of this research is to evaluate the relative importance of the biotic versus
abiotic processes controlling the distribution of dissolved barium in the North Atlantic,
with a focus on the metal oxides, in order to assess the impact of non-barite particulates
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on our interpretation of the paleo-record. It is hypothesized that in regions of high
productivity within the North Atlantic, such as the upwelling zone of the Mauritania
shelf, the dissolved barium will be noticeably depleted in the surface waters by a
combination of primary productivity and adsorption to iron oxyhydroxides (FeOOH),
whereas in non-upwelling regions of lower productivity the surface water concentration
will be dominated by other abiotic process, such as mixing and terrigenous inputs but,
with minimal association with metal oxides. Furthermore, it is hypothesized that nonbarite particulate barium will introduce an error of unknown magnitude within the paleoproductivity record and restrict its usefulness to inferring relative productivity rates in
deep water locations only.
To address these hypotheses, the extensive set of dissolved and particulate trace
element data from the international GEOTRACES program are used to investigate the
different process affecting the barium cycle in the North Atlantic. The mission of the
international GEOTRACES program (“GEOTRACES”, 2014) is to identify the processes
and quantify the fluxes that control the distribution of trace elements and their isotopes
(TEIs) and to assess their contribution and sensitivity to changing environmental
conditions (“GEOTRACES Science Plan”, 2006). The North Atlantic was chosen by US
GEOTRACES due to the variety of oceanographic processes in the region that affect
TEIs (“GEOTRACES Atlantic Basin Workshop”, 2007). These include inputs from the
continental shelves, upwelling along the African coast, an extensive oxygen minimum
zone associated with the upwelling along the African coast, hydrothermal processes along
the Mid-Atlantic Ridge, and a large productivity gradient.
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The specific objectives of this research are to examine whether there is evidence
for removal of barium in the upwelling zones of the eastern boundary current along the
Mauritania shelf associated with a non-biogenic particulate phases and to assess the
impact of biological activity on the removal of dissolved barium by non-barite phases.
Lastly, the errors in biogenic barium are isolated from excluding non-barite particulate
phases.
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CHAPTER II
BACKGROUND
Hydrodynamics of Region
The study region encompasses an area in the North Atlantic bound by the
Mauritania shelf off northwest Africa at approximately17°N and 18°W to the continental
shelf of North America near Cape Cod at 40°N and 70°W, to the Iberian Peninsula at
39°N and 10°W. This area is dominated by a classic high salinity (37.02 ± 0.41)
subtropical gyre, the Mediterranean outflow, and a subtropical recirculation cell (Talley,
1996; Barton, 2001). It is characterized by the presence of three frontal systems, the
oceanic North Atlantic Subpolar Front (NASF) and Cape Verde Frontal Zone (CVFZ),
and the atmospheric Azores Front (AF). The NASF extends from Cape Hatteras, NC at
approximately 35° N to north of United Kingdom at 55° N, the AF is found east of Grand
Banks at 40° N, 45° W until it nears the African coast near 30° N and CVFZ marks the
boundary between the North Atlantic Central Water (NACW) and the South Atlantic
Central Water (SACW) around 21° N (Talley, 1996; Rogerson et al., 2004). The majority
of the data stem from a region bounded to the north by AF and to the south by CVFZ.
For this research, the North Atlantic transects were organized into pseudo-zonal and
pseudo-meridional sections. The zonal transect (GT11) extended from Cape Cod, MA to
Cape Verde, Mauritania and the meridional (GT10) from Lisbon, Portugal to Cape Verde
(Figure 1).
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Figure 1. Map of US GEOTRACES North Atlantic cruise transects. All stations on
GEOTRACES transect from Lisbon to Cape Verde (GT10) are labeled in blue and all
stations on transect from Cape Cod to Cape Verde (GT11) are labeled red. The crossover
station is indicated by the yellow dot.
The circulation in the North Atlantic consists of large-scale geostrophic currents,
wind-driven equatorial flow, and a convergent Ekman layer at the surface (Talley, 1996).
The study area encompasses the anti-cyclonic subtropical gyre with a deep and high
velocity western boundary current (Gulf Stream) and the shallow weak eastern boundary
current (Canary Current). The western part of the gyre is associated with two currents, the
Gulf Stream and the North Atlantic Current (NAC). East of the junction of these two
currents, the Gulf Stream transitions into the Azores Current along the northern boundary
of the gyre. In the eastern part of gyre, the Azores Current joins the Canary Current and
the Portugal Current and begins to flow southward through the Canary Archipelago. The
Portugal Current allows exchange between the NAC and the Azores Current (Sala et al.,
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2013) and makes a small contribution to the Canary Current. Near 20°N the Canary
Current turns westward and the return flow to the west is completed via the North
Equatorial Current. South of the point where the Canary Current turns westward is a
recirculation cell called the Guinea Dome, located between the Cape Verde Islands and
the African coast.
Table 1
End members for water masses along US GEOTRACES North Atlantic cruise transects
(from Jenkins et al., 2014).

End
Member
Abbreviation

End Member Full
Name

AAIW

Antarctic Bottom
Water
Denmark Straits
Overflow Water
Iceland-Scotland
Overflow Water
Classical Labrador
Sea Water
Mediterranean
Overflow Water
Upper Labrador Sea
Water
Antarctic Intermediate
Water

ISW

Irminger Sea Water

AABW
DSOW
ISOW
CLSW
MOW
ULSW

Potential
Density
(kg/m3)

Potential
Temp
(°C)

Salinity
(psu)

P*
(µmol/kg)

N*
(µmol/kg)

0.18

34.702

1.5253

-0.8091

27.8559

1.29

34.87

0.7182

1.9923

27.9211

2.55

34.965

0.7874

0.1044

27.8977

2.95

34.864

0.8488

1.6791

27.7812

12.65

36.629

-0.1129

2.958

27.7272

3.5

34.8

0.8112

1.4616

27.6779

4.37

34.399

1.2806

-0.3219

27.2691

7.11

35.118

2.5400

1.88

27.4966

The water masses of the Atlantic Ocean have been characterized by Jenkins et al.,
(2014) based GEOTRACES measurements and an optimal multi-parameter analysis to
produce the percent contribution of source water to each sample. The method used a
least-squares analysis to estimate the concentration of the conservative properties of
potential temperature, salinity, silicate, phosphate-star (P*) and nitrate-star (N*) in
relation to end-member contributions (Jenkins et al., 2014). The values for the major endmembers used in the analysis are shown in Table 1 and are based on an approximate
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value for the water type for the given source region. In general, west of the Mid-Atlantic
Ridge the waters below 2000 meters are a mix of Antarctic Bottom Water (AABW) with
a maximum contribution of 40% at station GT11-12, Denmark Straits Overflow Water
(DSOW), and Iceland-Scotland Overflow Water (ISOW) with a maximum contribution
greater than 60% at stations GT11-6 to GT11-8. East of the ridge, at the same depth, the
water is predominantly ISOW with a small contribution of AABW below 5000 m.
Between 1000 to 2000 meters the bulk of the water (~ 60%) is from Classical Labrador
Sea Water (CLSW) with Upper Labrador Sea Water (ULSW) contributing up to 80%
west of the Mid-Atlantic Ridge between stations GT11-1 to GT11-12 and in excess of
20% at the remainder of the stations. Greater than 60% of the water on the eastern side of
the basin south of Lisbon is Mediterranean Outflow Water (MOW). The upper 1000
meters (excluding surface water σθ < 26.2 kg/m3) are comprised primarily of North
Atlantic Central Water (NACW) with a high percent (> 60%) of Atlantic Equatorial
Water (AEW) and Antarctic Intermediate Water (AAIW) off the northwest coast of
Africa. Near Bermuda there is a contribution (~40%) of Irminger Sea Water (ISW). The
potential temperature distribution with water masses delineated by the neutral density
contours is shown in Figure 2.
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NACW
AEW
AEW

NACW

MOW
AAIW

AAIW

ISW

MOW

AAIW
ULSW
CLSW

ULSW
ISOW

DSOW
AABW

ISOW

ISOW

MidAtlantic
Ridge

Figure 2. Potential temperature distribution overlaid with neutral density γn (kg/m3) along
GT10 and GT11 cruise transects. The left images are the zonal transect and the right
images are the meridional. Station numbers are given above each image. Major water
masses are as reported in Jenkins et al., (2014) as follows: North Atlantic Central Water
(NACW), Atlantic Equatorial Water (AEW), Antarctic Intermediate Water (AAIW),
Irminger Sea Water (ISW), Antarctic Bottom Water (AABW), Denmark Straits Overflow
Water (DSOW), Iceland-Scotland Overflow Water (ISOW), Classical Labrador Sea
Water (CLSW), Upper Labrador Sea Water (ULSW) and Mediterranean Sea Water
(MOW).
The Eastern Boundary Current
The eastern boundary current extends from Cape Finisterre in northwest Spain
(43° N) to south of the Cape Verde Islands (10° N). It is comprised of the Portugal
Current along the Iberian Peninsula and the Canary Current off the northwest coast of
Africa and is one of the largest upwelling systems in the world (Capone and Hutchins,
2013). Because the upwelling occurs within the narrow region along the continental
margin, the impact of enhanced productivity on the barium cycle is expected to be
distinct and localized and affect both dissolved and particulate barium.
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The upwelling events of the Canary Current are highly productive and marked by
a pronounced drop in sea surface temperature of greater than 6.5°C (Kock et al., 2008).
The high productivity of this region supports a large flux of particulate organic carbon to
deeper waters (Jeandel et al., 2000) where respiration combined with weak ventilation
leads to a depletion of oxygen in the underlying waters and sediments. The oxygen
concentration within the oxygen minimum zone (OMZ) is usually greater than 40 µmol/l,
compared to a similar region in the eastern tropical Pacific where values can be lower
than 5 µmol/l (Karstensen et al., 2008). The oxygen profiles in this region are known to
exhibit an OMZ with two oxygen minimum layers, a shallow less pronounced minimum
at 100 m and a more voluminous and intense minimum centered at 450 meters (Fischer et
al., 2013).
Of particular importance to the barium cycle is the influence of benthic inputs
(Paytan and Kastner, 1996), whether from direct sedimentary diffusion, submarine
groundwater discharge, or dissolution of barite. The Canary Current, near 20° N,
traverses a broad and relatively shallow (< 150 m) continental shelf with the shelf break
approximately 140 km from the coastline, whereas in the southern region near Dakar,
Senegal the shelf narrows to approximately 30 km (Plewa et al., 2012). Areas with wide
continental shelves are a potential source of dissolved barium and characterized by high
levels of benthic iron within the upwelled water, whereas on the narrow shelf to the south
the upwelled water has limited contact with this benthic source of iron and often becomes
iron limited (Capone and Hutchins, 2013).
Because the shelf sediments within the Canary Current upwelling zone underlie a
persistent OMZ, the preservation of barite can be obscured by the production of
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diagenetic barite within the sediments. In anoxic sediments, as the sulfate is reduced a
large sulfate gradient can develop causing the preserved barite to undergo dissolution
increasing the barium concentration down core as sulfate decreases. In general, it is
believed the barium concentrations within the sedimentary interstitial fluids are at or
above saturation with respect to barite, whereas seawater is undersaturated (Church and
Wolgemuth, 1972; Monnin et al., 1999). This barium gradient frequently results in the
upward diffusion of Ba2+ ions that will re-precipitate just above the sulfate reduction zone
at a diagenetic barite front. The potential for diagenetic mobilization of preserved barium
can often eliminate nearshore high productivity areas, such as the continental shelf of the
eastern boundary Canary Current as good candidates for paleo-productivity estimates
(McManus et al., 1998).
Hydrothermal and River Sources
Hydrothermal circulation is an important sink for Mg and a source of other trace
elements, such as Fe, Mn, Cs, and Li (Von Damm et al., 1985). Many of these trace
elements, including barium, can form precipitates in the presence of high concentrations
of sulfate produced by the oxidation of hydrothermal sulfides (Shikazono, 1994). The
GT11 transect from Cape Cod to Cape Verde crosses the Mid-Atlantic Ridge near 26° N,
the site of the Trans-Atlantic Geotraverse (TAG) active hydrothermal mound. The TAG
mound is the largest single vent deposit discovered along a spreading center (Tivey,
2007), and it is expected to be a major source of barium with a concentration in vent fluid
as high as 18.6 µmol/kg (Tivey, 2007), or approximately 200 times greater than the
ambient seawater concentration. Some believe hydrothermal activity contributes up to
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30% of deep water dissolved barium (Von Damm et al., 1985), therefore the extent of the
TAG mound on the barium cycle needs to be examined.
Rivers contribute substantial amounts of barium to the ocean (Hendy, 2010; Singh
et al., 20013), however, since the fluvial discharges to the pertinent coastal areas of the
North Atlantic transects are limited, the barium input is expected to be minimal. Globally,
the average concentration of barium in suspended particles of river water is
approximately 600 mg/kg (Martin and Meybeck, 1979). For comparison, the Mississippi
River has an average barium concentration in suspended particles of 740 mg/kg and
discharge of 529 km3/yr. It is estimated (Neff and Sauer, 1995) that about 85% of the
total barium discharged by rivers is associated with suspended particles, the remainder is
in solution. Along the GT10 transect there are three major rivers discharging into the
ocean from northwest Africa, these include the Senegal, Draa and Souss rivers with a
combined average discharge of 25.1 km3/yr and at the northern end of the transect on the
Iberian Peninsula there is the Gualdalquivir with a discharge of 7.3 km3/yr (Meybeck and
Ragu, 1995). At the western end of the GT11 transect, near Cape Cod, there are seven
rivers discharging into the region with the combined average discharge 131.3 km3/yr
(Meybeck and Ragu, 1995). The barium concentration of all but the Delaware River was
unavailable. The Delaware River is one of the seven discharging into the northeast
Atlantic, with an annual discharge of 15. 3 km3/yr and a dissolved barium concentration
of 192 - 240 nM (Coffey et. al., 1997). However, the large spatial variability in the Ba
concentration is evident by looking at the Maurice River, which is a minor river located
40 km to the south of the Delaware River, but with Ba concentration almost twice as
high, 365-420 nM (Coffey et al., 1997).
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CHAPTER III
METHODS
Shipboard Sampling
The North Atlantic samples were collected aboard the R/V Knorr during two
separate US GEOTRACES cruises during 15 October - 5 November 2010 (GT10) and 6
November - 11 December 2011 (GT11). There were 12 stations sampled on the first
cruise GT10 (Lisbon to Cape Verde) and 22 on the second GT11 (Cape Cod to Cape
Verde) with one station designated as a crossover station (see Figure 1). There were 15
full depth stations, 12 shallow cast stations with depth less than 1000 meters, and seven
“super” full depth stations.
A custom-built trace element clean GEOTRACES-Carousel (GT-C) equipped
with 12-liter General Oceanics Go-Flo bottles was used to collect seawater samples
(Cutter and Bruland, 2012). All GT-C water samples were filtered through 0.2 µm Pall
Acropak Supor filters. In addition, surface water samples were collected at a depth of
approximately 2 meters using an underway towed-fish pumped seawater system (Vink et
al., 2000). The surface samples were filtered through a 0.45 µm Osmonics and a 0.2 µm
polycarbonate filter. A standard rosette equipped with 30-liter Niskin bottles and a
SBE9plus CTD was used to collect ancillary data and water samples. For dissolved
barium, 125 ml of 0.2 µm filtered seawater from the GT-C rosette was stored in acidwashed high density polyethylene bottles and shipped back to the laboratory for analysis.
Elemental Analysis
The dissolved barium was determined after the samples were acidified using 400
µL of 6N trace metal grade HCl (Seastar Baseline) per 125-mL sample. Barium was
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measured using a ThermoFisher Element 2 Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) and the isotope dilution method as described by Jacquet et al.
(2005). Aliquots (50 µL) of each sample were spiked with 25 µL of a 135Ba-enriched
solution (~170 nM) and then diluted 30-fold with 0.2 µm ultrapure filtered water. A
sample of ~93% enriched 135Ba was obtained from Oak Ridge National Laboratories for
use as the enriched isotope spike. The ICP-MS was operated in low resolution and both
135

Ba and 138Ba were determined. The samples were bracketed every 10 samples with a

blank and the spike 135Ba solution. The volumes of the spikes, samples and dilution water
were accurately assessed by calibrating each pipette by weight. The reproducibility error
of this method was ±2.0% as determined by repeat runs of US GEOTRACES
intercalibration samples and in-house reference solutions; the limit of detection for
barium was 0.7 nmol/kg.
Ancillary Measurements
Additional trace element data measured by other researchers (Boyle, 2013;
Jenkins et al., 2013; Lam, 2014) and made available as part of the GEOTRACES
program through the Biological and Chemical Oceanography Data Management Office
(BCO-DMO) were used for interpreting the barium data. These included dissolved iron
and manganese for identifying hydrothermal inputs, radium for submarine groundwater
discharge, and particulate Ba, Fe and Al for examining removal by chemical adsorption.
The coupling with biological uptake will be examined by determining the correlation
with silicate, alkalinity and oxygen and investigating any deviations between parameters
that indicate a spatial trend.
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Data Analysis
Barium Saturation
The influence of thermodynamic equilibrium on the barium concentration in
seawater with respect to barite can be addressed by calculating the barite saturation index
(SI) for the North Atlantic transects. At equilibrium, the saturation index is equal to 1,
when it is less than 1 the solution is undersaturated and pure barite precipitation is not
expected, when the index is greater than 1 the reverse is predicted. To calculate the
solubility of barite in seawater, the empirical relation for the equilibrium constant of the
stoichiometric solubility product (Ksp) of barite as developed by Rushdi et al., (2000)
were used. The initial values of Ksp are derived as a function of salinity and temperature
from the following equation:


ln Ksp = A + BlnT +  + D(S)n

(1)

The constants A, B, C, D and n are 247.616, -38.3326, -15421.2, 1.2645 and 0.3,
respectively, and T and S are the absolute temperature and salinity of the sample. The
effect of pressure is estimated from the following empirical equation and based on the
partial molal volume change and the partial molal compressibility change (Millero, 1982;
Rushdi et al., 2000):




ln  =








+



  



(2)

The constants  ,  ,  and  are 45.61714, -0.25097, -14.445 x 10-3, and 1.25 x 10-4,
respectively; t is the temperature (°C), P is the water pressure in bars and R is the gas
constant (cm3 bar mol-1 K-1).
The barite saturation index, or the degree of water column saturation with respect
to pure barite, is expressed and the ratio of the ionic product (Q) for barium and sulfate to
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the stoichiometric solubility product of barite as a function of temperature, salinity and
pressure:


SI =  =


  ," · $%&  ,"


(3)

The m is the concentration (molality) of the total measured aqueous ion. The measured
molarities of dissolved barium are converted to molalities using the density of the
seawater and sulfate molality is calculated from the molality of standard seawater and the
measured salinity of the sample. The saturation index is based on the assumption that the
activity coefficient of the ionic product of barium sulfate (ϒ2BaSO4(aq)) pure solid is unity
for the neutral species (Millero and Schreiber, 1982; Rushdi et al., 2000).
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CHAPTER IV
RESULTS
Dissolved Barium
The distribution of dissolved barium measured during the U.S. GEOTRACES
cruises (Shiller, 2013) was consistent with observations by other cruises in the North
Atlantic and regions of the global ocean (Chan et al., 1977; Jeandel et al., 1996; Esser and
Volpe, 2002; Jacquet at al., 2007). Figure 3 shows the dissolved barium distribution
superimposed with isopleth contours and the major water masses for each transect. In
general, there was a nutrient-like pattern of increasing barium with depth in all the
profiles and a higher concentration and greater range on the eastern side of the basin.
There was a notable bifurcation of the water column into a shallow versus deep water
region at approximately 600 meters (σθ > 27.3). This division of the water column was
evident by examining the Ba-silicate correlation as seen in Figure 4. Above 600 m the
correlation (R2 = 0.20) was poor, whereas below 600 m the correlation with Si was high
(R2 = 0.95) similar to that observed by others (Chan et al, 1977; Jacquet et al, 2007). The
shallow surface layer consisted of a mix of different surface water masses overlying the
NACW which was found at approximately 500 -600 m and identified based upon its
potential temperature (θ) and salinity characteristics (8-18°C and 35.2-36.7). The mean
Ba concentration in upper layer (< 600 m) was 43 ± 3 nmol/kg with a range of 15
nmol/kg and the deep water (> 600 m) mean was 59 ± 11 nmol/kg with a range of 45
nmol/kg.
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Figure 3. Dissolved barium distribution with major water masses labeled along GT10 and
GT11 cruise transects. The left images are the zonal transect and the right images are the
meridional. Station numbers are given above each image. Major water masses are as
reported in Jenkins et al. (2014) as follows: North Atlantic Central Water (NACW),
Atlantic Equatorial Water (AEW), Antarctic Intermediate Water (AAIW), Irminger Sea
Water (ISW), Antarctic Bottom Water (AABW), Denmark Straits Overflow Water
(DSOW), Iceland-Scotland Overflow Water (ISOW), Labrador Sea Water (LSW), and
Mediterranean Sea Water (MOW).
The zonal transect had the greatest lateral variation with the Mid-Atlantic Ridge
marking the division between the larger vertical gradient on the eastern side of the basin
and the smaller on the western side, 48 nmol/kg compared to 28 nmol/kg. Surface water
samples from an average depth of 1 meter were collected during the GT11 cruise from
Cape Cod to Cape Verde. The mean concentration of the surface samples was 42 ± 3
nmol/kg. The surface layer dissolved barium along this transect exhibited a distinct zonal
pattern of decreasing concentration from the western side of the basin to the Cape Verde
Islands (Figure 5). The minimum Ba for the surface ocean (37 nmol/kg) was measured at
station GT11-24 near the Cape Verde Islands and the maximum was found at station
GT11-2 approximately 200 km south of Cape Cod. East of the Cape Verde Islands a
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reduction of Ba in excess of 17% (35 nmol/kg) compared to the mean within the upper
600 m was observed within the Mauritania upwelling zone and accompanied by the
highest observed concentration of deep water barium reaching up to 88 nmol/kg at station
GT10-10.
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Figure 4. Plot of the relationship between dissolved barium and silicate for the data from
the U.S. GEOTRACES GT10 and GT11 cruise tracks. Data are colored coded for
shallow (green) stations ≤ 600 m and deep water (red) stations > 600 m. Also shown is
the regression line for the deep water stations indicated by the solid red line.
Surface water for dissolved Ba was not collected to the east of the Cape Verde
Islands and during the GT10 meridional cruise from Lisbon to Cape Verde. However, an
examination of the upper 600 m along this transect showed a slight depletion of Ba in two
locations, with each area less than 40 nmol/kg. The areas of reduced concentration
effectively separated this transect into two regions, a north and south region, with a
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distance between them of approximately 250 km. These areas of reduced Ba were likely
separated by the Azores Front which marks the boundary between European and African
surface water masses (Rogerson et al., 2004) and is a zone of strong hydrographic
transition. Within this area, the thermocline exhibited upwelling above 600 meters
between 24°N and 38°N and there was a high salinity pool of surface water above 50
meters noted in excess of 37.1 centered at 30°N marking the line of division. This frontal
feature and the Mid-Atlantic Ridge divided the two transects into four sections, each
comprised of a upper layer (0-600 m) and a deep water layer, these are hereafter referred
to as GT11-west, GT11-east, GT10-north, and GT10-south.

Figure 5. Surface ocean concentration of dissolved barium distribution along the zonal
GT11 transect from Cape Cod to the Cape Verde Islands. Sample locations are indicated
by black dots and contours for the lowest concentrations are shown in white.
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Percent Saturation
The saturation distribution was consistent with the regeneration pattern of a bioactive element for an ageing water mass. Data from saturation calculations showed that
the water column of each North Atlantic station was undersaturated with respect to barite
at all depths (Figure 6); the mean saturation for the upper waters (<600 m) was 27±7%
and for deep waters (>600 m) 53±8%. Overall, the degree of saturation reflected the
observed barium distribution with an increasing percent saturation with depth and higher
values and greater range on the eastern side of the basin. The zonal transect exhibited the
greatest variability on the eastern side of the basin with a minimum saturation of
approximately 15% in the surface water at station GT10-10 to over 70% in the bottom
layer of the same station at a depth of approximately 3000 m. The meridional transect
showed a similar trend, with high variability (> 50%) at the southern end of the section
off the coast of Africa.
Notable features included a decreased saturation of approximately 19% off the
Portugal coast at stations GT10-1 to GT10-3 between 800 to 1300 m, consistent with the
relatively warm high salinity Mediterranean water. There was a distinct shoaling of the
isopleths along the North America continental slope between 400 to 800 m at stations
GT11-1 and GT11-2 resulting in an increased saturation of approximately 18% relative to
the mean west of Bermuda at the same depth. This change coincided with the path of the
Gulf Stream western boundary current hugging the continental slope. Lastly, the highest
saturation values were found in the intermediate depths around 3000 m.
To confirm the consistency of these results with previous studies of North
Atlantic barite saturation, the method used here was applied to data collected during the
GEOSECS program and compared to the results obtained by Monnin et al., (1999). There
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was excellent agreement between the calculations for the saturation index (Figure A-2).
In addition, the solubility product derived here was compared to Rushdi et al., (2000) and
agreed within 0.2%.
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Figure 6. Percent saturation state for the zonal transect (left) and the meridional section
(right). If percent saturation is ≥ 100 water is considered supersaturated with barite.
Station numbers are given above each image.
Barium Correlation with Silicate and Alkalinity
The distribution of silicate along the North Atlantic transects reflected its positive
correlation with dissolved barium in that it is depleted in the surface layer and
regenerated at depth (Figure 7). Similar to Ba, there was a zonal division of the
distribution by the Mid-Atlantic Ridge (as seen below 2000 m) with the strongest
gradient found on the eastern side of the basin at stations GT10-9, GT10-10 and GT10-11
between the African coast and the Cape Verde Islands. However, in contrast to barium,
the highest concentrations were found in the bottom layer of the western Atlantic at
station GT11-12 associated with a high percent AABW indicating high contribution from
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conservative mixing at this location. The lateral variation of the upper 600 m appeared
congruent between the two transects. Yet, there was a pronounced longitudinal variation
in the intermediate depths between 1000 to 3000 meters with lower concentration on the
western side of the Mid-Atlantic Ridge consistent with CLSW and ULSW water masses
(Broecker and Peng, 1982). The data show a similar variation along the zonal transect
between Lisbon and Cape Verde down to approximately 2700 marked by MOW to the
north and AAIW to the south.
The Si concentration for the upper 100 m of the surface layer ranged from
depleted at the majority of stations to over 7 µmol/kg at stations GT10-9 and GT10-10. In
contrast, the surface concentrations for dissolved Ba never reached depletion, but instead
ranged from approximately 36 nmol/kg at station GT10-10 to over 50 nmol/kg at station
GT11-2 off the coast of North America. The mean silicate for the upper 600 m water
layer was 4 (± 4) µmol/kg with the maximum value of 18 µmol/kg found at station GT1011. For the deep water, the mean silicate was 23 (± 11) µmol/kg with a maximum of
54µmol/kg east of the Bermuda Rise at station GT11-12.
In contrast to silicate, the barium to alkalinity correlation was poor and even
exhibited a slight inverse relationship in shallow water (Figure A-1) which implies a
decoupling of these parameters (Jacquet et al., 2005). The general pattern for alkalinity
was opposite of silicate with a high concentration (2440 µeq/kg) in the shallow water
layer and a rapid transition to a lower mean concentration of 2330 (± 42) µeq/kg below
600 m. The most notable feature was a distinct subsurface minimum of 2240 µeq/kg
below the surface layer (> 100 m) to base of the thermocline at approximately 1100
meters at stations GT10-9 and GT10-10. This feature coincides with the persistent OMZ
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and is consistent with the lower pH generally observed in regions of high productivity
and export flux, such as the stations located within the Mauritania upwelling region.

Figure 7. Vertical profiles of silicate for all stations shown with the color-coded
dissolved barium concentration.
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CHAPTER V
DISCUSSION
General Features
To further the goal of evaluating the importance of the biotic and abiotic
mechanisms by which the dissolved Ba distribution is controlled in the North Atlantic,
and in particular, in the surface waters, we need to determine the important processes at
work within the study region. We begin by isolating the impact of non-conservative
processes on the observed distribution, such as hydrothermal input, submarine
groundwater discharge (SGD), benthic flux, and particle-solute interactions, and later
explore conservative process, such as water mass mixing and circulation, and lastly
assess the impact of non-barite phases and adsorption with metal oxides.
The dissolved barium in the surface ocean showed a rapid decrease in
concentration east of the Mid-Atlantic Ridge compared to the western side of the basin
resulting in a longitudinal gradient of the eastern basin almost two-fold higher than to
west of the ridge. Of the surface water samples, the largest depletion in the Ba
concentration was observed in the region directly west of the Cape Verde Islands
between 24.7° N and 26.6°N and spanned a range of over 200 km (Figure 5). This
depletion zone occurred in water depleted in silicate relative to the bulk of surface water
along the transect (Figure 8). The Ba and Si concentrations for the stations to the east of
the Cape Verde Islands (< 24°W) were measured during the GT10 cruise at a depth of 30
m. The repeat (crossover) station located near the Cape Verde Islands at approximately
25°W (GT11-24 and GT10-12) showed there was little change in the dissolved barium
concentration from year to year, but greater fluctuations in the silicate. The higher
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silicate concentration to the east of the Cape Verde Islands was consistent with previous
research demonstrating upwelling along the Mauritania shelf during the fall and winter
months (Barton, 2001; Plewa et al., 2012) as the Azores Front shifts to its southernmost
position. Consistent with upwelling, the primary productivity in the eastern basin surface
waters were highest to the east of the Cape Verde Islands along the Mauritanian shelf
(650 gC/m2/year) and decreased with distance from the coast to 350 gC/m2/year at station
GT11-11 to 120 gC/m2/year within the oligotrophic water of the subtropical gyre (Jeandel
et al, 2000) near station GT11-21. The zonal distribution pattern of the surface and near
surface barium and silicate exhibited a covariance that supports the hypothesis that
dissolved Ba depletions in surface waters were associated with biological productivity
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circles were collected at a depth of approximately 30 m during the GT10 cruise. Station
directly east of 25°W is the crossover station; barium at this station was measured during
each cruise, from the surface ocean during GT11 and near surface during GT10.
To identify other processes at work within the study region, the detrended data
were used to look for notable features indicating a potential source or sink of dissolved
barium. The four sections previously defined, GT11-west, GT11-east, GT10-north, and
GT10-south, were further subdivided into an upper layer (0-600 m) and a deep water
layer, with the mean concentration for each of these regions removed from the respective
observations. This residual, or detrended data, were then used to look for anomalies in the
dissolved Ba concentration as identified by a 2-sigma excess or depletion. (Table 2).
Table 2
Station locations of potential source or sinks of dissolved barium as identified from
detrended data.

Longitude

Water
Depth (m)

Cruise

Station/Excess or Depletion

Latitude

GT11

GT11-2/Excess

39.3494° N

69.5421° W

46

GT11

GT11-12/Excess

17.3998°N

24.4998° W

>5000

GT11

GT11-16/Excess

26.1368° N

44.8262° W

3251-3341

GT11

GT11-20/Depletion

22.3335° N

35.8674° W

351

GT11

GT11-22/Excess

19.4330° N

29.3830° W

552

GT11

GT11-24/Excess

17.4000° N

24.5000° W

600

GT10

GT10-1/Excess

38.3241°N

9.6601° W

540

GT10

GT10-5/Excess

31.0055° N

22.0037° W

>4549

GT10

GT10-10/Excess

17.3536° N

20.8277° W

3320

GT10

GT10-10/Depletion

17.3536° N

20.8277° W

50-101

GT10

GT10-11/Excess

17.3521° N

22.7837° W

600

Based upon the detrended data, three locations were identified on the western side
of the basin with an apparent excess of dissolved Ba. Of these, two were related to non-
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conservative abiotic processes and the other to water mass mixing. The first notable
excess, at station GT11-2, exhibited a near surface maximum of 51 nmol/kg. Potential
sources of this feature included benthic flux, fluvial input and submarine groundwater
discharge (SGD). Given the station was located greater than 200 km from Cape Cod, and
the combined average discharge of the seven rivers in this region was a fourth of the
Mississippi, whose composite plume has been shown to rarely extend beyond the 1000 m
isobaths (Walker and Rouse, 1993), a fluvial influence at this location was highly
unlikely and discounted. Past research has shown an association between a benthic flux
of barium and elevated Fe and Mn (McManus et al., 1996; Paytan and Kastner, 1996) and
during the cruise, Lam et al. (2015) identified high Fe and Mn oxide concentrations
within 20 meters of the excess of dissolved barium. However, the excess barium at this
location was found in correspondence with a minimum surface salinity (34.75) and recent
research by Gonneea et al. (2013) on the southern shore of Cape Cod showed the
influence of a SGD input as an important source of dissolved radium and barium to the
ocean. These observations coupled with the increase in radium (Charette et al., 2015)
measured during the cruise support a SGD input as the source of the excess dissolved
barium at this station.
The second excess noted in the dissolved barium distribution was located below
3000 m at station GT11-16, the location of the TAG vent. The rapid (> 9.0 nmol/kg)
increase in the dissolved Ba along with a dramatic increase in dissolved Fe and Mn
(Figure 9) at the same depth as the maximum δ3He (Jenkins et al., 2014) were
unmistakable as a hydrothermal source. While the dissolved Fe and Mn showed slightly
elevated concentrations at station GT11-14 located 500 km to the west, the same elevated
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concentration was not evident 500 km to the east at station GT11-18, suggesting the
majority of the plume advects to the west. However, given the relatively weak dissolved
barium signal compared to Fe, an elevated barium concentration was not found at station
GT11-14. The undetectable influence of the hydrothermal plume on the barium
concentration of the surrounding waters suggests either localized barite precipitation
resulting in sedimentary burial in the immediate vicinity of the vent or simply that the
hydrothermal end-member was a minor source of dissolved barium contrary to previous
research (Tivey, 2007). Since the particulate barium data collected by Lam (2014) does
not show an elevated concentration, a minimal contribution of dissolved barium was
more likely. Yet, hydrothermal activity can be variable (Tivey, 2007), and given the
limited time on station collecting samples, the possibility of lower than normal venting
fluids at time of sampling cannot be excluded.
The last notable feature identified in the western basin was found in the deep
waters of station GT11-12 below 5000 meters, where there was an enrichment of Ba (>
75 nmol/kg) consistent with a contribution from AABW (see discussion below). These
observations underscore the relative importance of the abiotic processes in controlling the
dissolved Ba distribution in the western basin. Of particular note, was the lack of a
surface water or upper layer depletion in Ba indicating the lack of a dominant biotic
influence.
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Figure 9. Vertical profiles for station GT11-16 located above the TAG hydrothermal vent
showing the impact on the dissolved barium and dissolved Fe, Mn and Zn concentration
for depth between 3200 and 3500 m.

On the eastern side of the basin, four locations were identified with an apparent
excess of dissolved Ba and two locations showing depletions. Of these locations, three
were related to biotic processes, one an abiotic control, and the others to water mass
mixing. The first location showing a biotic control included stations GT11-22, GT11-24,
and GT10-11near the Cape Verde Islands with an enrichment at the base of the upper
layer (~ 600 m) of 5-6 nmol/kg. The processes that could lead to this apparent excess
include decaying organic matter at the base of the OMZ consistent with remineralization
from high export fluxes supported by the upwelling region of northwest Africa, and then
advected west with the North Equatorial Current. This recycling of barium at the
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oxic/anoxic interface as a mechanism for enrichment of the dissolved phase has been
observed in other locations, such as the Mediterranean (de Lange et al., 1990) and the
Black Sea (Falkner et al., 1993).
The other two locations that exhibited a biotic control were stations GT11-20 and
GT10-10, each with an apparent depletion. At station GT10-10 the Ba depletion was
found in the upper layer < 100 meters and at station GT11-20 the depletion was deeper at
350 m within the more voluminous OMZ (Figure 10). The depletion at station GT10-10
coincided with the peak of the upper OMZ further lending support to the hypothesis of a
primary productivity depletion of dissolved Ba in the surface waters of the Mauritania
shelf. Yet, the deeper depletion at station GT11-20 showed a decoupling with oxygen
(Figure 10b), but instead the influence of water mass circulation. Both observed features
were within the AEW water mass which comprised greater than 70% of water at station
GT10-10 between 100-600 m and 20% at the western extreme, at station GT11-20
(Jenkins et al., 2014), demonstrating the overprinting of circulation on the barium
distribution.
The third notable feature identified on the eastern side of the basin was also the
maximum concentration of dissolved barium within the study area. This excess was
found in the nepheloid layer at station GT10-10. Possible mechanisms influencing the
concentration at this location included water mass circulation, enrichment from benthic
flux and resuspension. The excess barium was located along the broad Mauritania shelf,
beneath the Canary Current upwelling region that supports high productivity and export
fluxes (Jeandel et al., 2000). In addition to excess dissolved barium, elevated dissolved
Fe and Mn of 0.79 nM and 0.26 nM, respectively, were noted in the bottom layer,
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indicating reducing conditions and a benthic flux. At the same location an elevated
percent saturation of approximately 5% was observed, but not at the neighboring stations
further offshore (GT10-7 and GT10-11) (Figure 6). Within the particulates, there was a
slight excess of FeOOH in the bottom layer (Lam et al., 2015) which also suggests a
benthic input.
The last notable features identified in the eastern basin were found at station
GT10-5 below 4500 m and at station GT10-1 off the coast of Lisbon, both consistent with
water mass circulation (see discussion below). These observations show the importance
of the biotic and abiotic processes in controlling the dissolved Ba distribution in the
eastern basin, as compared to the predominate abiotic control west of the Mid-Atlantic
Ridge, and provide further evidence for the hypothesis demonstrating the differences of
the North Atlantic between higher productivity (east) versus lower productivity (west).
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Figure 10. Barium (blue) and oxygen (red) concentration along the zonal transect from
Cape Cod to Cape Verde Islands. The upper graph A) shows the concentration along the
100 m depth surface with the arrow marking the location of the noted depletion at station
GT10-10 and B) the 400 m depth surface with the arrow indicating the depletion at
station GT11-20.
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Circulation and Water Mass Mixing
A portion of the geographical variation in the distribution of dissolved barium is
the result of mixing different proportions of deep water end-members. The deep waters
are formed in two regions of the world ocean, the North Atlantic, and in the Southern
Ocean near the Antarctic continent. The North Atlantic Deep Water (NADW) is a mix of
less dense Labrador Sea Water and the higher density Norwegian Sea water composed of
Denmark Straits Overflow Water and the Iceland Scotland Overflow Water (Figure 2). In
the North Atlantic, the deep water formation results in the injection to depth of lower
concentrations of dissolved barium due to surface layer depletion from scavenging and
barite formation (Dehairs et al., 1980). As the newly formed deep water mass moves
along flow pathways in isolation from non-conservative perturbations, the concentration
of dissolved Ba is expected to increase with water mass age due to a combination of
particulate dissolution, desorption and benthic flux (Jeandel et al., 1996; McManus et al.,
1998; Jacquet at al., 2005; Sternberg et al., 2005). For these transects, the NADW water
masses have been isolated from the surface for less than 50 years on the western side of
the basin to greater than 250 years on the eastern side (Jenkins et al., 2014). The higher
dissolved barium concentrations found in the deep water masses on the eastern side of the
basin (GT11-east 75 ± 7 nmol/kg) compared to the western side deep water (GT11-west
63 ± 7 nmol/kg) are consistent with enrichment from ageing water masses.
A small portion of the deep water below 4000 meters in the North Atlantic was
characterized by high density southern-source Antarctic Bottom Water (i.e., cold and
relatively low salinity). The Antarctic Bottom Water consists of a mix of Weddell Sea
Bottom Water (WSBW) and Circumpolar Deep Water (CDW). On the western side of the
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basin the AABW can be distinguished from other source waters based on its high nutrient
content. In general, the southern-source deep water masses were nutrient rich and
northern-source deep waters nutrient poor (Broecker and Peng, 1982). On the eastern side
of the basin, the high nutrient signature of AABW deep water (θ < 2.0°C) was masked by
ageing enrichment.
The intermediate waters between 1000-2000 m were comprised of northernsource Upper and Central Labrador Sea Water on the western side of the basin (GT11west) and on the eastern side southern-source Antarctic Intermediate Water (GT10south), Mediterranean Outflow Water (GT10-north) and a small contribution of
ULSW/CLSW. The oligotrophic waters in the central part of the subtropical gyre were a
mix of both northern and southern source waters (Jenkins et al., 2014). Consistent with
end-member properties and circulation, the dissolved barium concentration was lowest to
the west of the Mid-Atlantic Ridge and increased to the east and from the north to south.
The average Ba concentration of the intermediate water ULSW/CLSW from region
GT11-west was 49 ± 3 nmol/kg compared to 58 ± 4 nmol/kg for region GT10-south
where AAIW was the dominant end-member. For the GT10-north region, the
intermediate water was heavily influenced by MOW and had a barium concentration in
the middle, at 54 ± 2 nmol/kg.
The shallow waters between 600 m and 1000 m followed the trend similar to the
intermediate waters with the lowest average concentration (47 ± 2 nmol/kg) on the
western side of the basin in region GT11-west and highest in the southeastern region
GT10-south at 50 ± 3 nmol/kg. The NACW and Irminger Sea Water were dominant on
the western side of the basin with Atlantic Equatorial Water and AAIW on the east. At
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station GT10-1, an upward migration of the 50 nmol/kg Ba contour was measured, from
960 m to 540 m, resulting in a 5 nmol/kg enrichment relative to the GT10-north upper
layer mean and consistent with the high salinity MOW water (Figure 3). Above 600 m in
the surface layer non-conservative processes dominated the barium distribution.
Looking at the correlation between barium and silicate we see the average slope
for deep water stations in the region was 0.92 (Figure 4). A location that deviates from
this was station GT11-12 with a regression line slope of 0.66 and higher than expected
silicate indicating a contribution from a southern-source water mass (Figure 11a). This
can be seen by looking at the preformed value and calculating the contribution from
mixing. The average silicate concentration of NADW end-member is 12 µmol/kg
compared to 112 µmol/kg for AABW (Broecker and Peng, 1982). Using these values
and the least squares fit to the Atlantic data, the preformed concentration of dissolved
barium for the NADW and the AABW was estimated at 49 nmol/kg and 92 nmol/kg,
respectively (Figure 11b). Following Jenkins et al.’s (2004) estimates of AABW percent
contribution at this station and assuming the remaining deep water from NADW, the
barium concentration should be approximately 66 nmol/kg. The observed concentration
of dissolved barium at station GT11-12 below 4000 meters ranged from 69- 77 nmol/kg,
or a percent difference of 6-14% from deep water mixing alone. This difference between
the observed value and that calculated from the preformed analysis indicates an
enrichment in deep water of Ba due to remineralization process, such as barite dissolution
at depth.
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Figure 11. Scatter plot of the relationship between A) dissolved barium and silicate
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Controls on Saturation State of Barite
The method of control of dissolved barium concentration in the oceans by
inorganic precipitation of barite is a question that has confounded researchers (Church
and Wolgemuth, 1972) for years, since barite was believed to be undersaturated
everywhere in the ocean. However, recent studies (Jeandel et al., 1996; McManus et al.,
1998; Monnin et al., 1999) are changing our perceptions of barite equilibrium. For
example, we now know that the equilibrium criteria are reached in a number of locations,
such as the cold surface waters of the southern ocean where the barium concentration is
high, in the intermediate depths of the central and north Pacific before the pressure effect
can dominate the solubility, and in the deep waters of the Bay of Bengal, where the
pressure effect is overcome by a constant increase in the barium concentration (Monnin
et al., 1999; Singh et al., 2013).
Applying the same criteria of low temperature and pressure combined with high
barium concentration to the North Atlantic transects explains the lack of saturation and
the observed distribution (Figure 6). The low concentration of dissolved Ba found in the
warm shallow waters (< 600 m) would require a temperature decrease of greater than
15°C to bring the water temperature closer to 1°C or a two-fold increase in barium
concentration to reach 70% saturation. In the older deep waters on the eastern side of the
basin, where we note the highest percent saturation, we find that for every 100 dbar
decrease in pressure we increase saturation by roughly 2%, whereas a similar saturation
increase at the same depth would require a 0.5°C temperature change. This effect of
temperature and pressure is illustrated graphically as shown in Figure 12 where we can
readily see the impact on the saturation curve. Around 3000 meters we start to see the
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effect of the pressure dependence on the solubility product of barite saturation, the
percent saturation exhibits an almost linear decrease despite the high concentration of
dissolved barium. This effect is mirrored in temperature dependence for water >7°C,
below this temperature the pressure effect becomes dominant as evidenced by the
increased scatter.

A

B

Figure 12. Scatter plot of the A) pressure effect and the B) temperature effect on the
barite saturation for U.S. GEOTRACES GT10 and GT11 cruise data.
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In spite of the undersaturated state, barite crystals have been found throughout the
water column in the North Atlantic (Dehairs et al., 1980). The data collected here indicate
a combination of biotic processes and chemical equilibrium working together to control
the percent saturation distribution. Along the coast of Africa, in the Mauritania upwelling
zone, biologically related depletion of dissolved barium in the upper surface water has
contributed to the significant observed undersaturation. Yet we know from past research
the digestive tract of zooplankton, fecal pellets and decaying organic debris can provide
the required microenvironment to precipitate barite (Bernstein et al., 1992; Bernstein and
Byrne, 2004). However, while biotic processes may create microenvironments to
precipitate barite in regions of high productivity, such as in the eastern Atlantic, for the
bulk of the study region, thermodynamic controls have a larger influence, such as in the
intermediate depths of the transect, where the balance between temperature, pressure and
dissolved barium meet the requirements for a system close to equilibrium.
Particulate Excess Barium
Fundamental to the use of barium as a proxy for paleo-productivity is the
assumption that the particulate barium is composed of two phases, one part biogenic
barite formed during upper ocean biological processes and the other particulate barium
associated with terrigenous aluminosilicates. However, in actuality the total particulate
barium is often a combination of more than these two phases (Dymond et al., 1992;
Schroeder et al., 1997; McManus et al., 1998), particularly in regions of high productivity
or with a large input of continental debris, such as the upwelling zone of the Mauritania
shelf (Dymond et al., 1992; Hendy, 2010). For example, barium bound in calcite of
benthic foraminifera shells are common (Lea and Boyle, 1989; Lea, 1933), as is barium
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associated with metal oxides and hydroxides (Sternberg et al., 2005; Plewa et al., 2006).
Dymond and Collier (1996) demonstrated that when resuspension becomes important,
such as along continental slopes, there is a significant association of oxyhydroxides with
barium. Consistent with authigenic resuspension, the particulate data collected by Lam
(2014) suggest there are considerable amounts of suspended particulate Fe and Al along
the continental slopes, enough to support a ferric oxide and aluminosilicate phase. In
order to assess whether there is removal of the dissolved barium associated with a nonbarite particulate phase and the potential error it can introduce into the paleo record, first
the biogenic barite fraction must be isolated from the total bulk particulate barium.
To do so, the particulate Ba and Al data collected by Lam (2014) and made
available through BCO-DMO were used to calculate the percent biogenic barite at each
station. The method was developed by Dymond et al. (1992) and defines excess or barite
(Baxs) as the particulate barium in excess of that associated with aluminosilicate
lithogenic material and was calculated by normalization to particulate Al as follows.
[Baxs] = Batotal – ([Al] x Ba/Al)

(4)

This equation removes the particulate barium associated with the terrigenous
aluminosilicates from the total particulate barium concentration; the remaining or
‘excess’ amount is often assumed to be biogenic barite. One problem with this method is
the lack of constraint on the Ba/Al ratio for calculating the lithogenic component of
particulate barium (McManus et al., 1998; Gonneea and Payton, 2006). Frequently a
Ba/Al mass ratio of 0.0075 based on the average value of crustal rocks is used (Dymond
et al., 1992, Jeandel et al., 2000), but the ratio should be carefully chosen and considered
a large source of uncertainty given the variable nature of crust material. For example,
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Sanchez-Vidal et al. (2004) measured the regional Ba/Al in the Alboran Sea of the
Western Mediterranean at 0.0033, and more recently Plewa et al. (2012) measured a
range between 0.0052 to 0.0127 off the coast of northwest Africa which exhibited a zonal
gradient in the ratio with the lowest values closest to the coast and the highest offshore.
In addition to the spatial variability of the Ba/Al ratio, some research has
suggested a temporal variability. Gonneea and Payton (2006) used an acid leaching
procedure to extract barium associated with various particulate phases and found an
inconsistent ratio between samples, but also a change within a sediment core samples.
Plewa et al. (2006) examined paleo-data in marine sediment cores off the coast of
northwest Africa back to 25 kyr B.P. and found a large temporal variability in the Ba/Al
ratio with a significant change at the Younger Dryas event indicating a link to glacial
meltwater discharge.
For the calculations here, the average value of 0.0075 was adopted and the results
compared to those obtained by Jeandel et al. (2000) at their oligotrophic and mesotrophic
sites located within 265 and 135 km of the closest GEOTRACES stations, GT11-22 and
GT10-10, respectively. The average percent difference Baxs agreed to within 17% at
station GT11-22 and 4% at GT10-10. The distribution of excess barium calculated using
the particulate data collected by Lam (2014) is shown in Figure 13. In general, the results
are consistent with previous observations (Dymond et al., 1992) of higher Baxs in the
pelagic environment, whereas in coastal margins a significant percent of the particulate
barium is of lithogenic origin and heavily influenced by aluminosilicate. We see this
pattern along the continental slope of North America and the Iberian Peninsula, and to a
lesser degree off northwest Africa. On the western side of the basin it is associated with
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the deep western boundary current, and on the eastern side the Portugal Current along the
Iberian Peninsula. The distribution of Baxs along Mauritania shelf off of northwest coast
of Africa is more complex and discussed further below.
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Figure 13. Percent biogenic barite calculated as excess barium for the zonal transect
(left) and the meridional section (right). If percent biogenic barite is less than 100 it is
considered to have a phase of particulate barium associated with terrigenous
aluminosilicate. Station numbers are given above each image.
The total particulate Al and particulate Ba for select nearshore and pelagic
stations are shown in Table 3 along with the calculated Baxs. The results show that at
moderate particulate Al concentrations, a ten-fold increase in particulate Al with similar
total bulk Ba decreases the Baxs by over 30%. The source of the lithogenic material in the
GT10-north region is a combination of resuspension along the continental slope and
transport with the Mediterranean outflow water (Sanchez-Vidal et al., 2004; Hatta et al.,
2014). In the Alboran Sea of the western Mediterranean, terrigenous Ba contributes
between 24% to 85% of the total barium (Sanchez-Vidal et al., 2004), and given its
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direct connectivity with the Straits of Gibraltar, it is a significant source of lithogenic
aluminosilicate material to the stations located within the outflow plume.
Table 3
Comparison between dissolved, particulate and biogenic barium for select nearshore and
pelagic stations.
Water
Depth
(m)

Diss. Ba
(nmol/kg)

Part. Ba
(nmol/Kg)

Bio-Ba
(nmol/Kg)

Bio-Ba
%

Part. Al
(nmol/kg)

GT10-1

965

51.0

0.16

0.00

0

140

GT11-1

186

44.8

0.11

0.07

64

26

GT10-5

965

50.0

0.10

0.10

97

2.1

GT11-18

3022

74.0

0.03

0.02

84

2.9

Station
Nearshore Sites

Pelagic Sites

While the general pattern of Baxs followed that of resuspension of particulate
aluminum along the continental slopes, there was also resuspension along the eastern
slopes of the Bermuda Rise and the Mid-Atlantic Ridge, indicating the influence of
bathymetry and deep ocean circulation on particle transport. At stations GT11-18 and 20
below 4000 m there was reduction in Baxs with greater than 20% of the particulate barium
from a terrigenous source. In addition, at station GT11-10 below 3500 m, on the eastern
side of the Bermuda Rise, 50% of the particulate barium is classified as terrigenous and a
similar reduction is noted at station GT11-12 in the bottom layer below 5200 m. Also,
there was a feature in the particulate aluminum that was not mirrored in the excess
barium. A large plume of particulate aluminum was measured off the coast of Africa
centered at 400 m at stations GT10-9 and GT10-10 consistent with an aeolian input of
Saharan origin (Jeandel et al. 2000). This input of particulate Al is reflected to a lesser
degree in the particulate Fe, but not as an increase in terrigenous barium at the same
depth, as shown in Figure 13 transects. These disparities between particulate Al and Baxs
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serve to illustrate the variable nature of the Ba/Al ratio and the potential for
misinterpretation of the paleo record from applying a single ratio to such a large
geographic area.
Dissolved Barium Association to Metal Oxides
Surface water depletion of dissolved barium in regions of high productivity was
hypothesized to be the result of a combination of biotic and abiotic processes
(adsorption). To address the role of adsorption in the observed surface water depletion of
dissolved barium, a method was used to calculate the magnitude of this process as a
potential sink for Ba. The technique demonstrated here shows the amount of dissolved
barium adsorbed onto iron oxyhydroxides according to the method proposed by
Sternberg et al. (2005) and based upon the use of a simple Langmuir isotherm which
explains adsorption by assuming the adsorbate behaves similar to an ideal gas adsorbing
to a solid at constant temperature. The Langmuir isotherm equation was derived from the
mass law as follows:
≡Fe―OH + Ba2+ → ≡Fe―OBa+ + H+

Ks Ba = -1.8

(5)

Where ≡Fe―OH represents a generic iron oxide/hydroxide species (the adsorbent), Ba2+
the adsorbate in solution, and ≡Fe―OBa+ the adsorbate on the surface sites of the
adsorbent. Applying the mass law to equation 5:
'()*―+,-. /
'()*―+0/',-. /

=

1423

'0. /

= Kads(pH)

(6)

and rearranging equation (6) with [Baads] representing [≡Fe―OBa+ ]
[Baads] = Kads(pH) * [Ba2+] * [≡Fe―OH]

(7)

Where [Baads] was the concentration of adsorbed barium, [Ba2+] was the dissolved barium
concentration, [≡Fe―OH] the particulate iron concentration representing the adsorbent,
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and Kads, the intrinsic adsorption constant as a function of the pH and the intrinsic surface
8
8
complex formation constant, K 67
. The K 67
used was based on Sverjensky’s (2006)

research of alkaline earth metals adsorbed in salt solutions of ionic strength greater than
I= 0.3 M for a tetradentate ferric oxyhydroxide (α-FeOOH) and a regression analysis of
the laboratory adsorption data. Past research using an electron microscope to evaluate the
composition of particles in suspended matter has shown the Fe-rich particles in
suspended matter mainly occur as ferric oxyhydroxide (goethite) (Dehairs et al., 1980).
Equation 7 illustrates the adsorption of barium was a function of pH and
proportional to the concentration of dissolved Ba2+ and the particulate Fe. Such pH
dependent sorption of barium by iron oxides has been attributed to the surface
complexation between negatively charged iron oxide surfaces and positively charged
Ba2+ surfaces (Choi et al., 2000). Thus, according to the Langmuir equation, the ratio of
the adsorbed surface concentration to the adsorbent [Baads]/[≡Fe―OH] should be
proportional to the barium in solution.
The adsorption of dissolved barium is expected to be higher on amorphous
ferrihydrites than on crystallized minerals, such as hematite or goethite, because of the
lower surface areas and active sorption sites (Sajih et al., 2014) of the latter. In addition,
adsorption is highly dependent on the intrinsic surface formation constant and here the
constant is simplified without a correction for electrostatic interaction of surface charges.
While this method for calculating the percent phase association through adsorption is
useful for a qualitative assessment, it is an oversimplification of a complex process that
makes many assumptions regarding both the adsorption constant and the species of iron
oxide.
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The results indicated adsorption of dissolved barium in the North Atlantic
becomes significant (>1%) above pH 8.2 for low particulate iron concentrations of
approximately 4-10 nmol/kg, such as was seen in the surface layer off the coast of
northwest Africa at station GT10-9. The criteria for significant adsorption were based
upon the previous research of Sajih et al. (2014) and adopted for ease of comparison. In
contrast, at higher iron concentrations (> 16 nmol/kg), such as found throughout the
water column at station GT10-1 off the Iberian Peninsula, adsorption began at a lower pH
(7.7). Figure 14 shows the percent of dissolved Ba adsorbed as a function of pH for a
range of dissolved barium and particulate Fe concentrations. The low concentration of
particulate iron measured by Lam (2014) relative to the concentration used for laboratory
studies (Sternberg et al., 2005; Sverjensky, 2006; Sajih et al, 2014), nanomoles compared
to micromoles, made comparisons with past research difficult. However, in both this and
the similar experiment by Stenberg et al. (2005) adsorption increased sharply around pH
9.
Besides the amount of iron at each location, another difference between the
stations was the source of particulate iron. For station GT10-9, located off the coast of
Africa, the iron was supplied via an allochthonous input of Saharan dust (Jeandel et al.
2000), whereas at station GT10-1, off the Iberian Peninsula, the iron was from a
combination of an authigenic source from resuspension along the continental slope and
advection with MOW water.
Contrary to the primary hypothesis, adsorption was observed along the
continental slope of North America in the surface layer at station GT11-2 with significant
adsorption occurring at pH 7.5. In addition, adsorption was found in the bottom layer at
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station GT11-8. The source of iron at GT11-2 was from the SGD input noted above. The
iron supply contributing to the adsorption in the bottom waters (> 4700 m) at station
GT11-8 was the result of resuspension in the high velocity deep western boundary
current (Jenkins et al, 2014). The station located over the TAG hydrothermal vent also
showed minor adsorption at low pH (7.2) in the immediate vicinity of the vent fluids.
Although these results indicated adsorption in the surface layer of the lower
productivity western basin, it should be noted, the iron concentration at station GT11-2
was 10-times higher than that at station GT10-9 on the eastern side of the basin. Given a
similar concentration in the surface layer at a station in the higher pH, high productivity
region of the Mauritania shelf upwelling zone, the percent of dissolved barium adsorbed
at pH 8.2 would increase from 1% to over 7%. Likewise, if productivity were to increase
on the western side of the basin to raise the pH ≥ 8.2 the percent of dissolved barium
removed through adsorption would increase by a similar amount.
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Figure 14. Percent Ba adsorption as a function of pH. Average dissolved barium and
particulate Fe concentration for the surface samples (GT10-1, GT10-9 and GT11-2) was
41 nmol/kg and 16 nmol/kg, for deep water samples (GT11-8 and GT11-16) 72 nmol/kg
Ba and over 240 nmol/kg Fe.
The Langmuir equation (Eq. 7) describes an equilibrium process where the
percent adsorbed is proportional to iron oxide concentration and the specific pH of the
sea water. In the surface water, such as at station GT10-9, once the dissolved barium is
adsorbed to the metal oxide, it will begin to sink in association with organic debris to a
lower pH where the barium will become desorbed leading to an enrichment of the
dissolved phase. This process enhances the mechanism for concentrating dissolved
barium at the depth of maximum organic matter respiration, near the oxygen minimum
zone as seen at the base of the upper layer (~600 m) at the stations around the Cape
Verde Islands. Effectively, it is a feedback of processes, the biotic processes (primary
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productivity) creating a higher pH surface environment favorable to adsorption and the
abiotic process of adsorption moving the dissolved barium from the surface layer to an
environment where further enrichment of barium can occur (Dehairs et al., 1980; Jeandel
et al., 2000; Ganeshram et al., 2003). While data are not available to confirm that the
observed surface layer depletion on the eastern side of the basin is the result of biological
removal leading to higher pH, and hence an environment more favorable to adsorption, a
similar depletion is observed in the surface layer at station GT10-1 in association with
high (> 16 nmol/kg) particulate iron and the 1% adsorption threshold at pH 7.7.
These findings confirm the initial statement of the primary hypothesis that in
regions of high productivity the dissolved barium concentration in the surface ocean is
influenced by biotic and abiotic processes. On the eastern side of the basin, primary
productivity compensates for the limited iron through an increase in pH, whereas in areas
where productivity is lower, such as on the western side of the basin, the controlling
influence is iron. Lastly, this method disproves the second part of the primary hypothesis,
that adsorption has a minimal impact on surface water dissolved barium concentration in
regions of lower productivity; the presence of a near surface SGD as a source of iron is
clearly a controlling influence.
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Figure 15. Vertical profiles of Baxs (scaled by a factor of 10 for display) and particulate
Al and Fe at station GT10-9 demonstrating the mismatch between peak in lithogenic
material (pink shading) and excess biogenic barium (blue shading).
Paleo-Productivity Record Error
The non-barite particulate phases of barium were hypothesized to be a source of
an error of unknown magnitude within the paleo-productivity record. The current method
to differentiate the biogenic fraction from the bulk sediment composition of particulate
barium is based upon a simple two phase model of terrigenous aluminosilicate and
biogenic barite. This method, while simple, has a high inherent degree of uncertainty.
The terrigenous Ba/Al ratio is most often estimated while the total Ba and Al contents in
the sediments are measured by chemical analysis. Using the Ba/Al ratio the terrigenous
fraction of particulate barium is estimated and the remainder is assumed to be the

58

biogenic barite. Furthermore, this method assumes this is valid for all marine
environments.
To assess the magnitude of the error in the biogenic barite calculations as a result
of these assumptions, the Baxs for eastern side of the basin was reprocessed using three
different scenarios. The first scenario used a Ba/Al ratio more closely representing the
site specific conditions. The Ba/Al ratios used were measured by Plewa et al. (2012) off
the NW coast of Africa from surface sediment samples. The stations were located in the
southern part of their study region, between the Canary and Cape Verde Islands, and the
ratio varied from 0.0077 to 0.0121 with the highest values offshore. The second scenario
was designed to evaluate the error from excluding other particulate phases in the biogenic
barite calculation by using an expanded three phase particulate barium model
representing bulk sediment composition. This method as shown below was simply an
expansion of equation 4 to include the metal oxide phase in equation 7:
[Baxs] = Batotal – ([Al] x Ba/Al) - [Baads]

(8)

[Baxs] = Batotal – ([Al] x Ba/Al) - (Kads(pH) * [Ba2+] * [≡Fe―OH])

(9)

The last method included both the site specific Ba/Al ratio and a compensation for
adsorption with metal oxides. The stations for the comparison of the Ba/Al ratio were
selected based upon availability of a measured site specific ratio and a historical Baxs
value calculated from the default 0.0075 ratio by Jeandel et al. (2000), they included
GT10-9, GT10-10 and G11-22. Of the five stations that exhibited significant adsorption
(Figure 14), three were discarded from further error analysis. These included stations
GT11-2 and GT11-8 due to the uncertainty in the estimated Ba/Al ratio, a more
representative ratio was not found during a literature search, and station GT11-16 located
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above the TAG vent due to the high concentration of numerous trace elements (i.e., Fe,
Mn, Al). Of the two remaining stations, GT10-1 and GT10-9, only GT10-9 had a
previously measured Ba/Al ratio and calculated fraction of biogenic barite.
The results showed the average error of using an estimated Ba/Al ratio of 0.0075,
as compared to the more site specific ratio, increased with distance from the coast and
with a higher terrigenous Ba contribution. Station GT10-9 closest to the coast had an
average percent difference of 2 ±1% where the majority of the particulate barium was
considered biogenic Baxs. The largest error of 4% at this station was in the bottom layer
below 2500 meters where a benthic input was observed and the Baxs decreased to less
than 80%. These results are illustrated in Figure 16 and compared to Jeandel et al. (2000)
values for the eutrophic station (E site) located 350 km to the north. Overall both stations
exhibited a similar trend in percent biogenic barium, with the lowest value in the surface
layer and a mid-depth increase at the base of the thermocline and then again at an
intermediate depth. However, there was greater variability in the Jeandel et al. (2000)
data, possibly reflecting differences in the Saharan dust supply due to the sampling year
and season, spring 1991 and 1992. Yet, some research indicates lithogenic particulate
barium from aeolian source as a minor input to the marine environment (Piela et al.,
2012), whereas other research (Guerzoni and Chester, 1996), points to increased dust
mobilization from human activities. In support of this, paleo-climate data (Mahowald et
al., 1999) has demonstrated a large variability in dust deposition during glaciations events
leading to an enhanced biological pump from a higher aeolian input. The stations located
further offshore showed less variability compared to Jeandel et al. (2000), but a larger
percent difference from changing the Ba/Al ratios. The average error at station GT10-10
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was 3±2% with a maximum difference 6 and for the pelagic station, GT11-22, the error
increased to 6±4% with a maximum difference of 12%.
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Figure 16. Profiles of percentage of biogenic Ba in the total measured bulk particulate
barium calculated with an estimated 0.0075 Ba/Al ratio (solid black line) and recalculated
with a ratio measured from surface sediments (dashed line), and compared to previous
study by Jeandel et al. (2000) (grey line). The stations are A) GT10-9, B) GT10-10 and
C) GT11-22.
The errors in the biogenic barium from excluding the non-barite particulate phase
associated with the adsorption to metal oxides and the cumulative error from the
uncertainty in the Ba/Al ratio are shown in Table 4. The impact of adsorption was
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minimal at station GT10-9 with the largest error at depth associated with the benthic
input of iron. However, at station GT10-1 where there was a large supply of resuspended
particulate Fe and the terrigenous contribution of particulate barium was greater than
50% below 900 meter, the average Baxs error increased to greater than 5% and the
majority of samples below 1000 meters exceeded 10% error.
Table 4
Percent biogenic barium error from using average Ba/Al ratio and excluding
contribution of metal oxide particulate phase.
Station
GT10-1

Station GT10-9

Adsorption Error

Estimated
Ba/Al
0.0075

Adsorption Error

Combined
Error

Mean

5.4 (± 6.7)

1.9 (± 1.1)

0.2 (± 0.4)

2.0 (± 1.3)

Max

14.8

3.8

1.3

5.1

Overall, the largest and most widespread error was the result of using a constant
value for the Ba/Al. The surface sediment samples collected by Plewa et al. (2012) along
the Mauritania shelf showed a clear zonal gradient in this value and were reflected in the
percent difference. During a study along the Chilean continental slope Klump et al.
(2000) also noted the ratio calculated from surface sediments increased with water depth.
However, the results presented here were within the degree of uncertainty ( ±15% for
30% aluminosilicate Ba) as calculated by Dymond et al. (1992) from various
compilations of the elemental ratio of Ba/Al in crustal rocks.
The impact of adsorption on the Baxs calculation has the potential to produce a
larger magnitude error of Baxs and was more difficult to quantify given an estimated pH
of 7.7 was used. There is some evidence (Sternberg et al., 2005) to suggest this value
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could be an underestimate for the surface layer of station GT10-9 located within high
productivity upwelling region. If this were the case, the error would increase due to
higher adsorption at the higher pH. This analysis concludes and supports the hypothesis
that non-barite particulate barium will introduce an error of unknown magnitude within
paleo-productivity calculations. Also, it demonstrates barium should not be used as the
sole proxy for interpreting the paleo record along continental margins where excess
barium is more easily contaminated by other phases of particulate barium.
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CHAPTER VI
SUMMARY AND CONCLUSION
The two full ocean depth transects measured during the US GEOTRACES North
Atlantic cruises have provided insight into the processes controlling the dissolved barium
distribution in the North Atlantic. The cycling of barium in this region is a complex
interaction of biological activity and chemical equilibrium combined with an overprinting
of ocean circulation. The research confirms the hypothesis that in regions of high
productivity, the surface water dissolved barium distribution is controlled by a
combination of biotic and abiotic processes. On the eastern side of the North Atlantic
basin, primary productivity enhances surface water depletion by creating an environment
favorable to adsorption. Whereas, contrary to the secondary hypothesis, on the western
side of the North Atlantic, the data indicate abiotic processes control the distribution with
a significant contribution from adsorption. Lastly, the error analysis of excess barium
supports the hypothesis that non-barite particulate barium will introduce an error of
unknown magnitude within paleo-productivity calculations.
On the western side of the basin the distribution was dominated by mixing of
different water masses, each showing characteristic distributions of dissolved Ba as well
as different correlative behavior with silicate. The strong correlation with silicate was
used to identify the percent contribution and preformed Ba concentration of the AABW
located below 4000 meters west of the Mid-Atlantic Ridge. Along the continental shelf of
North America a small input of dissolved barium was measured from an SGD source and
a minor input from the TAG hydrothermal vent was noted. One of the most notable
features of both transects was found at depth west of the Bermuda Rise, a large
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resuspension of particulate barium and other trace metals resulting in 40% adsorption to
metal oxides.
On the eastern side of the basin, the barium cycle was more complex. The
maximum concentration and percent saturation were also found in this location, along
with a benthic flux of dissolved barium and other trace elements supporting a significant
inferred adsorption to iron oxide in the nepheloid layer. At the surface in the same
location, there was an adsorption removal at higher pH due to biological activity. A large
subsurface enrichment at the base of the upper layer (~600 m) was found at the stations to
the west of the Cape Verde Islands and at the base of the OMZ consistent with a
remineralization process as a source of dissolved barium. A slight enrichment was
observed at the mid depths off the Iberian Peninsula consistent with the higher dissolved
barium in MOW.
Thermodynamic calculations of percent barite saturation corroborated existing
knowledge of an undersaturated North Atlantic Ocean. In general, the saturation
distribution reflected the temperature and barium concentration above the thermocline,
and at depth the concentration and pressure.

65

APPENDIX
100

90

80

Barium (nMol/kg)

Deep
3
Ba = 0.56*Alk - 1.24 x 10
2
R = 0.41
70

60

Shallow
Ba = -0.071*Alk + 208.81
2
R = -0.13

50

40

30

2250

2300

2350

2400

2450

2500

TALK (ueq/kg)

Figure A-1. Scatter plot of the relationship between dissolved barium and total alkalinity
for the data from the U.S. GEOTRACES GT10 and GT11 cruise tracks. Data are colored
coded for shallow (green) stations ≤ 600 m and deep water (red) stations > 600 m. Also
shown are the regressions for the shallow and deep layer indicated by the solid green and
red lines, respectively.
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Figure A-2. Vertical profile of saturation data for GEOSECS station 115 in North
Atlantic used to confirm consistency of methods used here with previous studies.
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Table A-1
North Atlantic Excess Barium Data. Data calculated according to text equation 4.
Cruise
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11

Station
1
1
3
3
5
5
7
7
9
9
10
10
11
11
12
12
1
1
2
2
6
6
8
8
12
12
16
16
20
20
22
22
24
24

Depth
(m)
30
1200
100
1500
80
2100
40
1500
52
1250
50
1500
63
1500
73
1500
60
1600
70
1500
38
1440
65
1500
40
1500
90
1500
75
2300
50
1500
73
1500

Dissolved Ba
(nmol/kg)
41
51
45
52
42
59
40
59
39
58
37
58
41
58
40
59
48
49
46
48
48
47
45
48
45
51
44
52
41
65
38
56
39
59

Excess Ba
(%)
0
21
99
94
99
96
90
90
93
86
96
88
97
88
95
89
89
74
49
90
99
86
99
90
94
95
94
93
99
88
83
92
93
86
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Table A-2
North Atlantic Barium Saturation Data. Data calculated according to text.
Cruise

GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT10
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11
GT11

Station

1
1
3
3
5
5
7
7
9
9
10
10
11
11
12
12
1
1
2
2
6
6
8
8
12
12
16
16
20
20
22
22
24
24

Depth
(m)
40
1308
100
1517
52
1518
46
1516
50
1555
51
1514
62
1514
49
1514
60
1519
70
1518
42
1415
65
1518
40
1515
90
1515
75
2325
50
1515
71
1515

Dissolved
Ba
(nmol/kg)
43
54
45
53
44
58
41
59
39
59
38
60
41
58
39
61
48
48
46
48
48
47
45
48
48
50
44
54
41
65
38
56
38
59

Ba
Saturation
(%)
25
38
29
46
23
51
18
56
22
60
22
59
22
59
18
61
28
51
30
52
23
49
22
50
20
51
22
52
19
61
17
57
19
59
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